Recently, inductively coupled plasma atomic emission spectrometry (ICP-AES) has been widely adopted, since it provides a higher sensitivity than do the other spectroscopic techniques for REE determination; unfortunately, they suffer from some kinds of interference, due to major elements such as potassium, sodium, calcium and iron as well as minor elements. In ICP analysis there are several kinds of interference. Mermet et al. ' 1"2 classified the interference in ICP as chemical, nebulization, atomization and spectral. They assured that chemical, nebulization and spectral interference can be either easily avoided or resolved. The only residual interference is due to atomization, which can be avoided only by precise information concerning the physicochemical mechanisms involved. A theoretical study concerning spectral interference was collected by Boumans in a review.13 Downey et al.14 assured that spectral interference in ICP-AES can be significantly reduced through the use of selective spectral-line modulation. In their work a mirrored rotating chopper directs the emission from an ICP alternately through and past a flame; selective modulation is achieved when the flame contains absorbing atoms identical to emitting atoms in the ICP. Boumans et al.'s-17 measured the partial sensitivities of all REEs and studied the mutual interference of rare earth elements in ICP determinations. The works provided an extensive data set as well as a reliable model for manipulating the data in such a way that faithful simulations can be obtained for a multiplicity of spectroscopic situations.
Different authors18-20 determined REE with ICP after separation with high-performance liquid cromatography (HPLC), liquid cromatography (LC) and resins in order to avoid any erroneous analytical results due to mutual spectral interference. Yoshida et a1.18 successfully ana-lyzed without mutual spectral interference a USGS rock standard sample, rare earth ores, and high-purity lanthanide reagents. Zackmann21 evaluated matrix effect in the separation of rare earth elements, scandium and yttrium in ICP-OES analysis. The author proposed a simplified version of REE separation from 8 major and 27 trace elements, and varified that some major matrix elements caused a specific depression of the recovery rates of light REE (LREE) during the ionexchange process.
Although Ba, Zr, Fe, Mo, Ti and U have a matrix effect on the determination of REE, Zachmann only studied 1 ratio interferent/ analyte (100 or 500 or 1000 ppm of the interferent). Thompson et a1.22 characterized the matrix effect due to calcium in ICP-AES for a representative selection of analytical lines. He concluded that the effects are strongly related to the analyte excitation energies, which were found to be caused by changes in the excitation conditions in the plasma source. Lanthanum was the only REE comprised in the group of 16 elements studied.
Even though in the previous studies the problem of mutual spectral interference was analyzed and overcome, accurate knowledge concerning the interference of major elements on the determination of REE was not obtained. Since 1980 we have been studying interference in the determination of rare earth elements23-26 with both electrothermal atomic absorption spectroscopy (ETA-AAS) and inductively coupled plasma atomic emission spectroscopy (ICP-AES). ICP-AES analysis is more sensitive for rare earth elements than ETA-AAS, and provides fast results with wider linearity. In the present work our aim was to select adequate conditions for the determination of rare earth elements in a matrix containing growing concentrations of K, Na, Ca and Fe. The studied interferents were mostly constituents of naturally occurring samples. The various forms of interference were evaluated by the addition of solutions of pure element salts to rare earth element solutions having constant concentrations (0.5 ppm). The concentrations of the analytes were checked at a sufficiently high level so as to give a good response in the emission intensity in order to evaluate both positive and negative fluctuations. The major forms of element interference were investigated from an interfering element/ analyte ratio of 100:1 up to 10000:1. Blank solutions containing only the interferent at high concentrations (5000 ppm) were also analyzed. Table 1 ; the observation height was set so as to get maximum intensity for each element. The analytical lines listed in Table 2 were chosen as being the most sensitive lines.
Reagent
All of the reagents were of reagent grade quality: oxides of REE from American Potash & Chemical Corporation; sodium carbonate, potassium carbonate, calcium oxide and iron(II) chloride from Carlo Erba. The standard solutions were prepared with different ratios of the interferent/ analyte (range 100 -1000). The analyte concentration was always the same (500 ppb). Background subtraction was made using the signal on either side of the emission line as the background.
Results Figure 1 shows the trends of the interference from Na on all of the REE. Lutetium is the only element that did not interfere with REE. Sodium usually shows a more or less strong depressing effect on the emission intensity of the studied analytical lines with a maximum interference at around a ratio interferent/ analyte (I/ A) of 1000. The interfering effect of sodium at I/ A ratios of 10000 is negligible for all REE with the exception of La. We found the strongest interference for La, Gd, Tb, Dy and Yb. Figure 2 shows the interfering effect of potassium on lines. Potassium has a more or less depressing effect on the emission intensity of all REE analytical lines. The interference of K on Eu, Dy and Yb at the two analytical lines is very strong at a lower interferent-analyte ratio of 100, and then decrease at a higher ratio. At a ratio value of 10000 there is no interfering effect. On the contrary, increasingly concentrations of pottasium, starting from an I/ A ratio of 1000, caused a strong depressing effect on the emission intensity of lanthanum at both analytical lines. A very similar behavior was shown by neodymium, praseodymium, holmium and erbium, but with a lower depressing effect. Potassium has a negligible interfering effect on the determination of samarium, thulium and cerium.
As shown in Fig. 3 calcium has a depressing effect on most REE less marked than potassium and sodium. We never observed interference of Ca in the determination of Eu, Tb and Ce, while the interferent slightly reduced the emission intensity for Nd, La, Yb and Sm. The intensity of the analytical lines of holmium is depressed only at an interferent/ analyte ratio of 100. Calcium strongly interferes in the determination of praseodymium at both analytical lines and of gadolinium at the 336.223 nm analytical line, while it has no interfering effect at 342.247 nm.
The trends of interferences of Fe on REE are shown in Fig. 4 . The strongest observed interference is shown in the determination of Yb at 222.446 nm: at an I/ A ratio of 104 we found an increased intensity of about 80%. The other Yb analytical line (369.419 nm) is not affected by iron interference. Iron increases the signal of both analytical lines of europium and praseodymium, while it enhanches the emission intensity of gadolinium only at the 342.247 nm line. There is no interfering effect on the remaining rare earth elements (rREE).
Discussion
All of the major elements interfere in the determination of REE, but in a different way and with different effects. We have observed chemico-physical (Fig. 5) , spectral overlap (Fig. 6 ) and background interference (Fig. 7) . Figure 5 shows the interference of sodium on dysprosium at the 353.170 nm line. Sodium suppresses the emission intensity of the analyte when their ratio with ANALYTICAL SCIENCES APRIL 1992, VOL. 8 191 Fig. 1 Forms of interference of Na on REE at both main analytical lines. Symbols: -1-Gd, Tb, Dy, Yb; ---s-Lu; -x--La; ----rREE (rREE=remaining rare earth elements i.e., Ce, Pr, Nd, Sm, Eu, Ho, Er, Tm). that it is necessary to have good knowledge concerning the concentration of the major elements in order to choose the appropriate analytical line. For example, the determination of gadolinium in a matrix containing a high concentration of calcium requires the use of the 342.247 nm line, whereas it is a necessary condition to choose the 336.223 nm line for a matrix containing a large amount of iron. Nevertheless, it is often impossible to suggest an appropriate analytical line when the matrix contains K, Na, Ca and Fe together. The determination of REE in a complex matrix may be lead to erroneous results, even if the well-known standard addition method is used.27 Separation of major elements thus appears to be a necessary pre-condition to obtain valuable results. In an early described study we performed such a separation28, mainly based on the cation-exchange separation of REE groups from the matrix elements using a Dowex 50W X8 strongly acidic polystyrolic resin and 3 M HCl-25% ethanol as well as 6 M nitric or hydrochloric acids as eluents. 
